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Apparatus and Methods for Optical Amplification in Semiconductors 

FIELD AND BACKGROUND OF THE INVENTION 

The present invention relates to optical amplification and, in particular, it 
concerns optical amplification in semiconductors, particularly silicon, by optical 
pumping and/or non-homogeneous heating. 

There is presently a great deal of interest in the pursuing of semiconductors 
as basic materials for lasers and optical amplifiers for optical networks. Most of 
existing semiconductor lasers and amplifiers are based on direct band gap 
semiconductor materials. At present, Silicon is not considered a favorable candidate 
for these applications, by virtue of indirect band gap structure. On the other hand, 
light stimulated emission properties of GaP, also an indirect band-gap 
semiconductor has been reported and light-emitting diodes (LEDs) based on this 
material are commercially available [1]. Regarding doped Silicon, a massive effort 
in order to develop lasers and amplifiers is taking place these days worldwide (see 
Refs. [2, 3] for a review on the subject). 

Experimental observation of the stimulated emission in bulk Silicon was not 
reported to-date to the best of our knowledge [4], since Basov, et al [5], and 
recently Trupke, et al [6] theoretically predicted this possibility. 

Reports on gain included Er + -doped silicon and silicon dioxide structures [7] 
and structures not based on the original crystalline structure (nano-crystals, nano- 
layers etc) [2]. Gain was also attained via non-linear processes e.g. stimulated 
Raman scattering [8] and multiwave mixing [9], the mechanisms present in many 
materials. Our main goal here is the disclosure of methods for attaining stimulated 
emission in Silicon. Stimulated emission is in the essence of laser action or optical 
amplification of light signals. 
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SUMMARY OF THE INVENTION 

The present invention provides two independent methods that can be applied 
for developing of silicon based optical amplifiers and lasers. First is based on the 
photons stimulated emission that is the result of free carriers recombination via 
impurities (recombination centers, traps) in forbidden band gap. The second 
method of generation of the photon's stimulated emission is based on the non- 
homogeneous heating of direct gap or indirect band gap semiconductor materials. 
Optionally, the two methods may be employed simultaneously to advantage. 

According to the teachings of the present invention there is provided, a 
method for achieving optical amplification of an optical signal passing through a 
semiconductor, the method comprising the steps of: (a) providing a semiconductor 
material, the semiconductor material having a given band gap energy at a given 
temperature; (b) heating the semiconductor material so as to raise at least a portion 
of the semiconductor material to a temperature such that the band gap energy in the 
portion is smaller by at least 5% than the band gap at the given temperature, the 
heating being performed so as to generate an inhomogeneous temperature 
distribution within a target volume of the semiconductor; and (c) directing the 
optical signal through the target volume. 

There is also provided according to the teachings of the present invention, an 
apparatus for achieving optical amplification of an optical signal, the apparatus 
comprising: (a) a body of semiconductor material including a target volume, the 
semiconductor material having a given band gap energy at room temperature; (b) a 
heating arrangement operatively associated with the body of semiconductor 
material for raising at least a portion of the semiconductor material to a temperature 
such that the band gap energy in the portion is smaller by at least 5% than the band 
gap at the given temperature, the heating being performed so as to generate an 
inhomogeneous temperature distribution within a target volume of the 
semiconductor; and (c) an optical arrangement for directing an optical signal 
through the target volume. 
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According to a further feature of the present invention, the semiconductor 
material is an indirect band-gap semiconductor material, and most preferably 
silicon. 

According to a further feature of the present invention, the heating is 
performed so as to raise at least a portion of the semiconductor material to a 
temperature in the range of between 200°C and 1000°C above an ambient 
temperature. 

According to a further feature of the present invention, the heating is 
performed so as to raise at least a portion of the semiconductor material to a 
temperature such that the band gap energy in the portion is smaller by at least 10% 
than the given band gap energy. 

According to a further feature of the present invention, the heating is 
performed by directing laser radiation onto a region of the semiconductor material. 

According to a further feature of the present invention, the laser radiation is 
directed onto a region of the semiconductor material coated with a compound 
having lower reflectivity than an exposed surface of the semiconductor material. 

According to a further feature of the present invention, the optical signal is 
directed into a region of the semiconductor material coated with a compound 
having higher reflectivity than an exposed surface of the semiconductor material so 
as to cause reflection Of the optical signal so as to pass through the target volume a 
plurality of times. 

According to a further feature of the present invention, the heating is 
performed by directing a source of microwave radiation into a region of the 
semiconductor material. 

According to a further feature of the present invention, the heating is 
performed by directing heat from a non-coherent light source onto a region of the 
semiconductor material. 

According to a further feature of the present invention, the heating is 
performed by passing an electric current through a resistive load associated with the 
semiconductor material. 
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According to a further feature of the present invention, at least the target 
volume of the semiconductor forms part of an optical waveguide, the step of 
directing the optical signal being performed by directing the optical signal along the 
optical waveguide. 

According to a further feature of the present invention, the semiconductor 
material is silicon doped with at least one element chosen from the group 
comprising: Gold, Silver, Platinum, Iron, Copper, Zinc, Cobalt, Tellurium, 
Mercury, Nickel, Sulfur and Manganese. 

There is also provided according to the teachings of the present invention, a 
method for achieving optical amplification of an optical signal passing through 
indirect-gap semiconductor, the method comprising the steps of: (a) providing a 
body of the indirect-gap semiconductor doped with at least one element so as to 
generate at least one added energy level at a known energy lying within the energy 
band-gap of the semiconductor, the added energy level enabling an energy 
transition between the added energy level and an energy band of the semiconductor 
corresponding to generation of a photon of a given wavelength; (b) irradiating a 
target region of the body of semiconductor with optical illumination of a 
wavelength shorter than the given wavelength; and (c) directing an optical signal of 
the given wavelength through the target region. 

According to a further feature of the present invention, the illumination has a 
wavelength no greater than a wavelength of a photon corresponding to the 
transition between the conduction gap and the valence band in the semiconductor. 

According to a further feature of the present invention, the at least one 
element is chosen from the group comprising: Gold, Silver, Platinum, Iron, Copper, 
Zinc, Cobalt, Tellurium, Mercury, Nickel, Sulfur and Manganese. More preferably, 
the at least one element is chosen from the group comprising: Gold, Silver and 
Platinum. Most preferably, the at least one element includes Gold. 

According to a further feature of the present invention, the given wavelength 
is in the range of 1.2-2.2 micrometers. 
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According to a further feature of the present invention, the irradiating is 
performed using a pulsed laser source. 

According to a further feature of the present invention, the irradiating is 
performed using a substantially continuously irradiating laser source. 

According to a further feature of the present invention, the target region lies 
at least partially in an optical waveguide formed in the body of semiconductor. 

According to a further feature of the present invention, the indirect-gap 
semiconductor is silicon. 

There is also provided according to the teachings of the present invention, a 
method for achieving optical amplification of an optical signal passing through an 
indirect-gap semiconductor, the method comprising the steps of: (a) providing a 
body of the indirect-gap semiconductor doped with at least one element so as to 
generate at least one added energy level at a known energy lying within the energy 
band-gap of the semiconductor, the added energy level enabling an energy 
transition between the added energy level and an energy band of the semiconductor 
corresponding to generation of a photon of a given wavelength; (b) performing 
current injection into at least a target region of the body of semiconductor; and 
(b) directing an optical signal of the given wavelength through the target region. 

According to a further feature of the present invention, the at least one 
element is chosen from the group comprising: Gold, Silver, Platinum, Iron, Copper, 
Zinc, Cobalt, Tellurium, Mercury, Nickel, Sulfur and Manganese. 

According to a further feature of the present invention, the indirect-gap 
semiconductor is silicon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example only, with reference to 
the accompanying drawings, wherein: 

FIG. 1 is a schematic illustration of a hypothetical mechanism of light 
amplification in Gold-doped Silicon; 
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FIG. 2 is an experimental set-up used for measurements of light 
amplification; 

FIG. 3 shows oscillograms from photodetector measurements obtained from 
the apparatus of Figure 2, wherein the dotted line shows infrared signal response on 
pump influence and the straight line shows measurements when reference signal 
was shutdown and at pumping action. 

FIG. 4 is a graph showing the dependence of the infrared signal transmission 
through optically pumped SOI-based waveguides on the pump power, wherein 
circles indicate measurements taken with a gold-doped waveguide and squares 
indicate measurements taken in a sample without gold doping; 

FIG. 5A illustrates schematically an apparatus according to a second aspect 
of the present invention for delivering heating power for a sample irradiated at the 
edge by a focused laser beam; 

FIG. 5B is similar to Figure 5A, but illustrates an on-plane laser heating 
power delivery scheme; 

FIG. 6 shows signal transmissions for different pump powers and different 
lateral spatial positions of signal relative to pump spot wherein: 

Oscillogram (a) shows transmission of a 1.5|im- wavelength signal through 
a 0.37-mm thick silicon sample with antireflective coating that was 
edge pumped at 15mJ- power in single pulse; lines are: (1) signal 
with pumping, (2) signal with silicon slab removed, and (3) pump 
laser trace; and 

Oscillograms (b)-(e) show low coherence (spontaneous light emission from 
an EDF) 1.5jxm- wavelength signal transmissions though 1-mm thick 
silicon sample that was pumped at the same side and for different 
space positions, and pump power, namely: (b), and (c)- original 
position, pump power was 40mJ/pulse, and 160mJ/pulse respectively; 
(d), and (e)- pump power was 40mJ/pulse, and moving of the signal 
beam position were 0.8 and 1.28 mm, respectively; 
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FIG. 7 shows dependence of the optical gain on pump power for different 
signal sources and different silicon samples wherein: 

Curves of figure (A) show light amplification for 0.37-mm-thick n-type 
(~ Sfictn) phosphorus- doped Silicon sample with SiO antireflective 
coating: circles are for EDF spontaneous light emission, triangles for 
L54-|Ltm laser, and squares for L3-jim laser sources; 
Curves of figure (B) show light amplification for EDF source used as signal: 
hollow circles are for 1-mm-thick phosphorus- doped (~50£2cm), 
hollow triangles for 0.5-tnan-thick boron- doped (-SOHcm), and 
hollow squares for 0.37-mm-thick n-type (~5ftcm) phosphorus- 
doped silicon samples; 
FIG. 8 is a graph showing the maximum gain in quasi-CW irradiated 
samples, as a function of pump/heating pulse duration wherein the dotted line is for 
continuous laser excitation and the pump power for both measurements was kept 
constant at 5 Watt; 

FIG- 9 shows luminescence spectra for different light pump power; 
FIG, 10 shows the dependence of a reference light signal transmission on 
position of a pump spot relative to a waveguide; 

FIG. 1 1 shows the dependence of an amplification and attenuation of the 
inftared light signal on pump pulse time in SOI-based waveguides, wherein solid 
circles show signal amplification when pump spot was moved from waveguide 
center to a few tens microns and hollow circles show signal attenuation when pump 
spot was centered on waveguide; 

FIGS. 12A and 12B show two preferred schemes for non-homogeneous 
heating of silicon samples by a resistive load applied to the silicon; and 

FIG. 13 shows graphs illustrating: (A) energy states deformation in local 
heated semiconductor material (shown as discrete states for illustration purposes); 
and (B) schematic distribution of intrinsic and non-equilibrium carrier densities 
following local heating. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention relates to methods and corresponding apparatus for 
achieving optical amplification in semiconductors, particularly indirect band-gap 
semiconductors, and most particularly in silicon. A first aspect of the invention 
relates to the use of certain doping elements to provide inter-band-gap energy levels 
in combination with optical and/or current-injection pumping. The doping element, 
preferably a noble metal and most preferably Gold, is chosen to provide an energy 
level which enables an energy transition corresponding to a photon of wavelength 
equal to the signal wavelength to be amplified. The energy transition may be finely 
"adjusted" by use of standard doping techniques (such as n-type or p-type doping) 
to alter the conduction and valence band energy levels and thereby also the 
magnitude of the energy transition. A second aspect of the invention relates to the 
use of a non-homogeneous heat distribution which has been found to lead to optical 
amplification effects. 

Thus, in general terms, the apparatus for light-pumped amplification 
constructed and operative according to the teachings of the present invention as 
shown in Figure 2 includes a body of silicon doped with at least one element so as 
to generate at least one added energy level at a known energy lying within the 
energy band-gap of the silicon, the added energy level enabling an energy transition 
between the added energy level and an energy band of the silicon corresponding to 
generation of a photon of a given wavelength, the apparatus further includes a first 
optical arrangement for irradiating a target region of the body of silicon with 
optical illumination of a wavelength shorter than the given wavelength, and a 
second optical arrangement for directing an optical signal of the given wavelength 
through the target region. 

The first optical arrangement preferably illuminates with radiation having a 
wavelength no greater than a wavelength of a photon corresponding to the 
transition between the conduction gap and the valence band in the silicon. The first 
optical arrangement preferably includes a pulsed laser source. Alternatively, a 



8 



WO 2005/045884 



PCT/IL2004/001027 



substantially continuously irradiating laser source (i.e., either with continuous 
output or high duty-cycle pulses approaching continuous output) may be used. 

The at least one element is chosen from the group comprising: Gold, Silver, 
Platinum, Iron, Copper, Zinc, Cobalt, Tellurium, Mercury, Nickel, Sulfur and 
Manganese. More preferably, a noble metal (Gold, Silver or Platinum) is used, and 
most preferably, Gold. 

Most preferably, the primary doping element is chosen, optionally together 
with a secondary doping element for modifying the conduction and/or valence band 
energy levels of the semiconductor, so as to achieve optical amplification for 
wavelengths in the near infrared range, a preferred range being between 1.2 and 2.2 
micrometers. 

The target region within which amplification occurs is most preferably at 
least partially within an optical waveguide formed in the body of silicon. 

Further in general terms, the optical amplification apparatus according to the 
second aspect of the present invention as exemplified in Figures 5A and 5B 
includes a body of semiconductor material including a target volume, the 
semiconductor material having a given band gap energy at room temperature. A 
heating arrangement is deployed to raise at least a portion of the semiconductor 
material to a temperature such that the band gap energy in the portion is smaller by 
at least 5% (and more preferably by at least 10%) than the given band gap energy, 
the heating being performed so as to generate an inhomogeneous temperature 
distribution within a target volume of the semiconductor. An optical arrangement 
directs an optical signal through the target volume to achieve optical amplification. 

This aspect of the present invention relates primarily, although not 
exclusively, to indirect band-gap semiconductor materials, and most preferably 
silicon. It should be noted that the term "silicon" is used herein in the description 
and claims, unless otherwise specified, to refer genetically to pure silicon crystals 
and silicon doped with various elements as is known in the art. In the case of 
silicon, the preferred range of working temperatures for the maximum temperature 
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of the heated region is between 200°C and 1000°C. In certain cases, a maximum 
temperature in the range of 400°C to 800°C may be advantageous. 

The heating arrangement may take a number of different forms. According 
to a first preferred option, the heating arrangement includes a laser for directing 
radiation onto a region of the body. Optionally, a reduced reflectivity compound 
may be coated onto a region of the semiconductor material to increase absorption. 
A second option for the heating arrangement is a source of microwave radiation 
configured for directing microwave radiation into a region of the body. A third 
option employs an arrangement for directing heat from a non-coherent light source, 
such as an incandescent lamp or from sunlight, onto a region of the semiconductor 
material. A fourth option includes an electric circuit for passing an electric current 
through a resistive load associated with the body. In the latter case, the resistive 
load may be within, deposited onto, or located in proximity to, the semiconductor. 
Certain examples will be discussed below with reference to Figures 12A and 12B. 

Optionally, the optical signal may be directed into a region of the 
semiconductor material coated with a compound having higher reflectivity than an 
exposed surface of the semiconductor material so as to cause reflection of the 
optical signal so as to pass through the target volume a plurality of times. This 
enhances the amplification effect and may be used to construct a laser. 

Most preferably, the target volume forms part of an optical waveguide 
formed in the body of semiconductor material. In this case, the optical arrangement 
includes an optical interface for introducing the optical signal into the optical 
waveguide. 

Optionally, the non-homogeneous heating mechanism may be implemented 
with silicon doped with Gold. In this case, a synergic combination of the two 
effects described herein may advantageously be achieved. 

These and other features of the present invention will now be described 
further with reference to the accompanying drawings. 
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A. TRAP ASSISTED STIMULATED EM ISSION IN SILICON 

A.l. INTRODUCTION 

As is well known, Shockley-Read-Hall (SRH) and Auger recombination are 
dominant recombination mechanisms in Silicon. SRH recombination 
(recombination via deep energy levels in Silicon forbidden gap due to sample 
deformations, doping, etc.) can enhance radiative recombination. The energy level 
of impurities or other faults will determine the wavelength of the luminescence. 
Therefore controlled insertion of doping type, traps, or recombination centers can 
allow the luminescence at specific wavelength. Moreover, if carriers lifetime in a 
lower energy level, where there is recombination of the free electrons and holes, is 
less then that of an upper energy level (capture center, conduction band, etc.) it 
would be possible to realize optical amplification or laser action at specific 
wavelength. 

In this work, we disclose and report the use of Silicon as basic material for 
lasers and optical amplifiers manufacturing, able to operate at different 
wavelengths. Free carriers can be generated by applying optical pumping, current 
injection, electrical field (impact ionization mechanism), or combination of optical 
pumping with electrical field, and by heating of the sample. 

Radiative recombination mechanisms for Silicon are still not fully clarified in 
some cases. But most of authors agree that luminescence in Silicon is a result of the 
presence of impurities or faults, that create energy levels which are situated in the 
forbidden band. The impurities can be acquired due to deformation of the silicon 
sample, or doping of the material. For example, Sauer, et al [10] observed 
dislocation-related photoluminescence in Silicon. Recombination centers were 
obtained by temperature deformation of Silicon samples with different types and 
concentrations of die doping. Measured photoluminescence spectra ranged from 1.1 
to 1.7 um wavelengths. Several researchers observed trap assisted luminescence in 
silicon after irradiation of the one by electron and proton beams, x and y rays [1 1], 
high power laser beam [12] at that, the luminescence spectra were not equaled to 
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silicon band gap value. Luminescence that is due to a doping insertion was 
observed for gold [13, 14] and silver [15] doped Silicon, as well. In addition, 
luminescence radiation spectra were well matched with familiar data of the energy 
level positions for these metals in Silicon forbidden band, specifically, 0.35 eV and 
0.34eV above the conduction band, for gold and for silver respectively. Tab.l [16] 
shows several materials that create energy states in the silicon forbidden gap, which 
can be involved in stimulated emission process: 



Table 1 



Electron recombination from Conductive band to Done enerev state with 


Dhoton creation 


Metal 


Energy of the state in eV 


Photon wavelength urn 


Fe 


0.4 


1.72 


Au 


0.35 


1.61 


Ag 


0.34 


1.59 


Cu 


0.24 


1.41 




0.37 


1.65 


Zn 


0.31 


1.53 




0.55 


2.1 


Co 


0.39 


1.7 


Tl 


0.26 


1.44 


Hg 


0.36 


1.63 


Electron recombination from DoDe enerev state to Valence band with 


photon creation 


Ag 


0.33 


1.57 


Ni 


0.35 


1.61 


S 


0.37 


1.65 




0.18 


1.32 


Mn 


0.53 


2.1 
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Fe 


0.55 


2.1 


Pt 


0.37 


1.65 


erg 


0.33 


1.57 



It should be note that, wavelength of luminescence and stimulated light 
emission (optical amplification, lasing) can been changed for heated samples. No 
proved method insofar has been given to attain optical amplification at near- 
infrared wavelength using doped silicon excepting rare-earth metals such as Erbium 
where the properties are attributable to internal energy levels of the metals 
themselves. 



A.2. THEORETICAL BACKGROUND 

Figure 1 shows one plausible energy diagram for Gold diffused Silicon, which 
could account for optical signal amplification. This diagram and model is in 
accordance with observations of Mazzaschi et al [13] who reported luminescence 
from gold-doped Silicon at photon energies around 0.78eV and 0.793eV below the 
conduction band, very close to the energy of the photons for which we observed 
amplification. This diagram includes, in addition to the band structure of Silicon, an 
recombination center at around 0.32eV above the Valence Band (E Au ) this level is 
result of Gold atoms presence in silicon. We add to the model an additional energy 
state of energy E D , which is created by phosphorous doping, close and below the 
conduction band. 

Let's assume that the Silicon sample is illuminated by light pump pulse with 
photon energy more or equal than the Silicon band gap. Then, electrons will come 
over from valence to conductive band. During and after the pump light pulse, 
electrons are recombined by both non-radiative means (Auger and phonon band-to- 
band recombination mechanism or via any other traps) and the specific radiative 
transition via the Gold-related recombination center. If a reference signal of 
infrared light with photon energy equal to difference between energy position of the 
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Gold recombination center and conduction band or donor energy level (E c or Erf- 
E Au = toned passes through the Uluminated by pump sample, the captured electrons 
in the recombination center can relax back to the conductive band As is well- 
known, free carriers lifetime is reduced with introducing of Gold in Silicon, 
therefore we can assume that the free carriers lifetime in recombination center is 
less then in conductive band. Then, there would be a possibility of stimulated 
emission in Gold doped Silicon. The presence of a trap at energy E D of longer 
lifetime than the conductive band, would favor population inversion and gain. 
Analogous reasoning would be valid for Silicon with any other dope impurities that 
were presented in Tab.l. We presented that model as a plausible explanation for the 
amplification phenomenon we observed, and are aware that other models for 
explaining it are possible. 

A.3. EXPERIMENTAL DETAILS 

For testing of our assumption, namely: optical amplification in gold-doped 
silicon, we used low Phosphorous-doped (N~10 13 ) bond and etchback- Silicon-on- 
Insulator (BESOI) wafers which were manufactured by Shin-Etsu Handotai Co., 
Ltd. with following geometrical specification: top SOI layer had 5-um thickness 
and silicon dioxide buffer layer was 0.5-um. 

Gold was thermally diffused in top layer of the SOI wafer at different 
temperature regimes and diffusion times at room atmosphere and pressure. 
Thickness of the sputtered gold layer was about 1500 A. Diffusion times for 
separated samples ranged from 30 minutes to 7 hours in 30 minutes steps. Diffusion 
temperature was varied from 550 to 750°C in 50°C step for different samples. For 
some samples we applied fast heating and cooling. Residuary undiffused gold was 
removed by 3HC1: 1HN0 3 mixture. 

After the process the samples were dry oxidized on 0.5-um silicon dioxide 
layer. The process was useful for smoothing of the surface roughness and for 
elimination of the surface recombination centers. 
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Next step was waveguide manufacturing. After photolithography process, 
silicon dioxide was dry etched. Top silicon was wet etched by 72HN0 3 : 8HF: 
2OCH3COOH mixture on 1.5-nm. Both faces of the samples were cleaved. The 
length of the prepared waveguides was about one centimeter. 

Figure 2 shows the experimental set-up used to demonstrate the invention, and 
Ihe corresponding apparatus. Briefly stated, the elements shown are: 1) 0.532 mm 
wavelength pump laser source; 2) mechanical chopper; 3) cylindrical lens; 4) SOI 
based single-mode waveguide; 5) 1.32mm or 1.55mm wavelength reference laser 
sources; 6) single-mode fibers; 7) fast infrared photoreceiver; 8) oscilloscope; 
9) fast visible light photoreceiver. Second harmonic of a CW Nd: YAG laser 
(X =532 nm) was chosen as pumping light source. The diameter of the output laser 
beam was 3-mm, and a cylindrical converging lens with an 18-mm focal length was 
used for increasing the incident power density of the pumping light at the sample, 
down to about a width of lOum. Light pump power which illuminated the lOum 
width waveguide ranged from lOmW to 1.5W. A mechanical chopper with 20% 
duty cycle and frequencies ranging from 1Hz to lKHz was used for modulation of 
the pumping light. The reference infrared light source was tunable laser, ranging in 
wavelengths between 1.527 and 1.576um, to provide the optical signal for 
amplification. The signal source was coupled-in into the waveguide by means of a 
single-mode fiber. Light coming out from the waveguide was. directed into a fast ER. 
photoreceiver by an optical fiber. The amplitude changing of the infrared light was 
measured by oscilloscope. 

A.4. EXPERIMENTAL RESULTS 

Figure 3 shows oscillograms of the infrared reference signal response to the 
pump action. Full line trace at the bottom, corresponds to the situation where the 
reference signal was switched off while at same time the modulated pump was 
present. From the bottom trace one concludes that no stray light from the pump was 
detected by the infrared detector at the recorded sensitivity levels. The dashed line 
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shows infrared signal response to the presence of the pump signal. As seen, 6-7- 
fold signal amplification was evidenced. 

Figure 4 shows transmission of the guided reference infrared signal as a 
function of pump power, for both, gold diffused and undiffused waveguide samples 
(the last data were taken from Reference [17]). We reported about last case in a 
previous article [17] that dealt with light attenuation by light in SOI- based 
waveguides. From comparison between two graphs, it can be seen that undiffused 
gold changes drastically the optical properties of the Silicon waveguides inducing 
optical amplification instead of induced absorption of the near infrared light. A 
maximum gain coefficient of 28dB/cm was obtained at 0.3W pumping power. For 
pump powers of 0.8W and higher, attenuation was measured instead of 
amplification, suggesting that free-carrier absorption mechanisms prevailed. 
Another possibility for the reduction in gain factor at high pumping frequencies 
could be attributed to changes in energy level spacing generated by high 
temperature heating of the waveguides by the incident light [16]. From calculations 
that were presented in our previous work [17], free carrier absorption coefficient 
can be evaluated to be of about 35dB/cm (data of the Reference [17] taking into 
account free carrier lifetime for gold-diffused silicon) at a free carrier concentration 
(about 10 18 cm" 3 ) induced by 0.8W pump power in similar waveguide without gold. 
Thus, we can conclude, that observed amplification of the infrared optical signal is 
due to gold diffusion in the SOI-based waveguides. 

In addition it should be noted, that we measured optical amphfication in each 
gold-doped silicon sample that was manufactured at different diffusion process. 
The observed gain was ranged from 0.5 to 8.5 dB depending on the specific 
processing conditions. But dependence of the gain as function of diffusion 
temperature regime had similar trend with results of the Reference [14]. The best 
result, which was presented here, was obtained for sample that was manufactured 
by applying of following technology process: fast insertion into furnace at 650°C 
and fast withdrawal of the sample after one-hour diffusion time. Weman, et al 
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observed maximal luminescence intensity for 1.54- urn wavelength at the same 
diffusion temperature [14]. 

It should be noted that there may be additional pumping mechanisms in order 
to attain gain in an energy scheme where gold or other dopants are included A very 
advantageous one would be pumping by current injection in a forwarded-biased p-n 
junction. Current injection is a common method to attain amplification in direct 
band-gap semiconductors. 

B. OPTICAL AMPLIFICATION IN NON-HOMOGF NEOUSLY HEATED 
SEMICONDUCTOR MATERIALS 

B.l. INTRODUCTION 

Laser action by homogenously heating of any material, as sole mechanism is not 
viable since both, Maxwell-Boltzmann and Fermi-Dirac energy level population 
laws prevent the attainment of population inversion at any finite temperature. On 
the other hand, laser action by purely thermal pumping is possible provided 
different temperature regimes are sustained in the material at different places. 
Perhaps the best example of purely thermally excited laser system is that of gas- 
dynamic lasers [18]. There, a mixture of gases are heated to temperatures of above 
1000°C and are transported into a colder area by letting it expand through a nozzle 
into a region of lower temperature. Downstream in the expansion process, regions 
are found where population inversion is created due to different lifetimes of the 
upper and lower lasing levels. Gas-dynamic C0 2 lasers of this type have produced 
very high power values. This scheme provides an example of a lasing system where 
the power for its activation is delivered purely by heating. No such an effect has 
been reported insofar for semiconductor or other solid-state material. 
We report here the measurements of gain at near-infrared wavelengths (1.3 urn and 
1.5 urn) by non-homogeneously heating of commercial-type silicon slabs. Due to 
the uniqueness of our findings, we attempted to attain gain using different means of 
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heating, different irradiation geometries and different signal sources. We report also 
the achievement of gain in silicon waveguides of the silicon-on- insulator type. 

B.2. EXPERIMENTAL DETAILS AND RESULTS 

In the reported experiments we tested two-side polished commercial-type silicon of 
n and p-types with different thickness and dope levels samples (suppliers: 
Motorola, SICO Wafer GmbH). 

We took special care in order to niinimize spurious effects, which can affect 
measurements of optical transmission while irradiating the samples with a heat or 
light source. The two prominent effects are: interference Etalon effects in the slab 
and thermal lensing effects. To niinimize Etalon effects we carried out 
measurements at a Brewster angle and polarized the signal light in the TM 
direction. We also prepared samples with SiO anti-reflection coating at the 
measured wavelength range. Another approach we chose in order to dimini sh 
Etalon effects was to use a low coherent source, namely the spontaneous emission 
from an Erbium-Doped fiber. Mildly thermal focusing effects were observed 
occasionally but found to be minor as compared to the measured ones. In CW 
measurements we used a power meter with area much larger than the measured 
beanos, and in pulsed experiments we used a lensed fast-response detector to gather 
light from a wide angular range. 

As stated, we have encountered optical amplification in several situations 
comprising various heating means and geometric delivery schemes. We shall in the 
following describe briefly those schemes and report on gain attained. 

B.2.a. Pulsed laser pumping 

We expect laser and optical irradiation at photon-energies greater than the 
forbidden gap to differ from other heat delivery mechanisms, since here carriers 
are not only excited indirectly by thermally induced processes but also by direct 
generation via photo-absorption. At the wavelengths used for pumping here 
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(A,<l.lnm), most of the absorption is known to take place by band-to-band 
phonon assisted absorption [19]. This is a self-augmenting process, since the 
higher the temperature, the higher the absorption coefficient [19]. 

The scheme of edge power delivery is shown in Fig. 5B. A low power collimated 
near-infrared signal beam of about 1mm diameter is directed close to the border of 
a silicon slab, perpendicularly to it At the edge, a pulsed Nd-YAG laser 
(3l=1.064jim), of power in the range of from 15mJ to 145mJ in single a pulse, was 
mildly focused. This laser beam functions as heat source or pump. Time duration of 
the pump pulse was about SOjasec and the repetition rate was 5pulses/sec. 
Amplification was measured for different near-infrared light signal sources, 
namely: 1.3-fim and 1.55-|im semiconductor lasers, spontaneous emission from 
erbium doped fiber (EDF), 1.55±0.1^im) and a ring laser that based on the EDF 
with spectral peak at 1.58p.m. 

In the experiments we tested commercial two-side polished silicon samples of n 
and ^-types with different thickness and dope levels. For elimination of any 
interference effects, we tested samples with SiO antireflective coating, and for 
uncoated samples low coherent spontaneous emission from EDF was used as 
optical signal. In Fig. 6(a) we see oscilloscope traces of the pump and signal pulses 
following the interaction. We observe here an 1 1 percent increase in the transmitted 
signal following the interaction. Comparing the maximum transmitted signal to the 
value of the signal incident to the sample, we get a gain ratio of about 9 percent. 
Another feature clear from Fig. 6(a) concerns the timescale of the response signal, 
which is in the millisecond regime. This points out that the process is temperature- 
dominated. The maximum value of the gain is attained after termination of the 
excitation pulse, and the total transient duration for this example is of about 
30msec. At a shorter time scale one observes a small transient decrease of signal 
(about 10 percent). This is also a common feature of almost all our experiments. 
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The decrease is attributed to absorption by free-carrier generation directly induced 
by the pump photons [17, 20, 21]. 

In Figs. 7(a) and 7(b) we concentrate results of dependence of the optical gain as 
function of the excitation power for different samples and different signal sources. 
One notices here, that optical gain has low dependence on the sample's type 
(thickness and dope type), but there is a significant difference in the optical gain for 
samples with and without SiO antireflective coating. The marked influence of the 
coating on the gain attained is not entirely clear yet. We may attribute the effect to 
differences between thermal conductivity between the samples on interfaces (Si-Air 
vs. Si-SiO-Air respectively), the heat-transfer at the relevant temperature being of 
both radiative and non-radiative types. To confirm this hypothesis we conducted 
crude measurements of the temperature changes by means of a thermocouple at the 
backside of the sample that was heated by a continuous green laser. We evidenced 
that silicon with SiO coating is more rapidly heated and to higher temperatures as 
compared to bare silicon samples. We report also the observation of gain in 
uncoated samples tilted at Brewster's angle with respect of a laser beam with X = 
1.55|mn wavelength. 

Looking back at Fig. 7(a) one also observes a lower amplification value for a 
1.3^m- wavelength signal. Dependence of the optical gain on pump power for 
different samples is shown in Fig. 7(b). Here, we can see, that the gain was 
observed for both p and n-doped silicon samples. Another feature clear from Fig. 
7(b) concerns the rising of the gain with increasing of the sample thickness. 
In another configuration, the pump beam was shined into the slab at the same side 
of that of the signal beam, forming a variable angle between the two beams (Fig. 
5B). This configuration allowed monitoring easily the amount of overlapping 
between the two spots. The amount of spatial overlapping between the signal and 
pump beam was adjusted by varying the size of the pump spot and its lateral 
position. Figs. 6(b)- 6(e) show the transient response of the transmission following 
the excitation pulse for different focusing and mutual lateral positions of the signal 
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and laser spots. In all cases the spot of the pump was smaller than the spot of the 
signal, i.e. the amount of energy delivered to the interaction region was constant 
The transmission however shows drastically different character, changing from 
gain to loss while the focal spot is enlarged. As seen, some of the traces show both, 
loss and gain, while in some of the cases the gain precedes the loss and in other the 
order is inverted. This provides evidence that the distribution of the heating power 
is clue in the attainment of gain. 

In the experiment we tested the one-plane power delivery scheme that shown in 
Fig.. In the case, pump beam was 

We observed optical amplification, as well. The results were not appreciably varied 
from described here ones. 

We point out in addition, that we did not observe optical amplification when Q- 
switch laser (with pulse duration of about 20ns) was used as optical pumping. 

B.2.b Quasi-continuous and continuous laser pumping. 

In this case, the scheme of power delivery is similar to that shown in Fig. 5A. At 
the edge, a CW green laser beam (A,=0.532|im) of power in the range of 0.5-5Watt 
is mildly focused. The pump laser is chopped by a slotted wheel of 2% duty cycle, 
delivering pulses of trapezoidal shape in time. The duration of these quasi-CW 
pulses was in the range of 0.15-7 msecs and was controlled by the turning speed of 
the chopper. 

In these experiments we observed a linear dependence of gain on the CW power 
and gain here reached up to a factor of two. In Fig. 8 we see the dependence of gain 
on irradiation time. It is observed that the gain increases with pulse length as 
expected from temperature-dependent effect. 

Using the same geometrical configuration and the same sources we conducted 
measurements in a pure CW mode. We encountered gain here too and its value is 
shown as a dotted line in Fig. 8. 
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In addition, in the experiment we tested the one-plane power delivery scheme that 
was described in previous section and shown in Fig. 5B. We observed optical 
amplification, as well. The results were not appreciably varied from described here 
ones. 



B.2.c. Optical gain by localized microwave heating of t he silicon samples 
Our first observations of gain were conducted using optical pumping at photon 
energies higher than the Si band-gap, as described in the sections above. Optically- 
induced stimulated emission in Si is a possibility, but the timing of me pulsed 
experiments, and the attainment of gain after completion of the pump pulse hinted 
clearly that thermal processes are involved. We choose to test this hypothesis by 
localized heating in a process where no direct photonic excitation of charge carriers 
is involved. A significant gain effect was observed for microwave spot-irradiation, 
evidencing that the attainment of gain was very likely due of thermal excitation 
since no optical process was involved here. 



B.2.d. Luminescence measurements 

As in usual situations where gain is present, one expects to measure also 
exceptional effects of luminescent emission in the form of enhanced spontaneous 
emission or related effects. This means shutting down the signal source, and look at 
possible emission of radiation at the relevant wavelengths induced only by the 
pump source. First, we point out that in all the experimental situations described 
above, no voltage was observed at the signal detector when the signal source 
power was turned off. We took special care in all our experiments to avoid any 
stray light from the pump to reach the signal detector. In order to detect 
luminescence induced by the pump source, we built a much more sensitive system: 
we gathered the light emitted by the sample into a multi-mode fiber by means of a 
converging lens. The fiber was connected to a Spectrum Analyzer (Ando model 
AQ-6315B), with a capability of measuring signals down to -70dBm. We placed a 
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Si sample of the same kind as the one described in Section B above (CW 
experiments), and also irradiate it with the same CW focused light source 
(X=532nm) from the backside of the sample. The induced luminescence spectra are 
shown in Fig. 9 for different power levels of irradiation. Several features are 
evident: 

• The range of wavelengths where luminescence was prominent was the same 
as the one where gain was observed. 

• The peak of luminescence for the relevant powers is far- away from the one 
predicted by Wien's law for pure blackbody radiation at the estimated 
temperatures (for T =1000°K, = 2.9um). 

• The shift in the wavelength of maximum luminescence is in opposite 
direction to the one predicted by Wien's displacement law. I.e. here we see 
peak displacement to longer wavelength with increasing delivery of power 
to the sample. 

• The dependence of luminescence intensity on pump power is highly non- 
linear. 

The spectral shifts with power can be attributed to the shrinking of band-gap with 
temperature and has been observed also in transmission experiments of uniformly 
heated semiconductors [19, 22]. We discuss this point further in the next section. 

B.2.e. Gain measurements in op tical waveguides 

We are currently performing experiments using waveguides of the silicon-on- 
insulator (SOI) type. Measurement setup was liked to optical scheme that was 
described in Section A.3. (see Fig. A.2.). This configuration is especially attractive 
since light is confined laterally in two dimensions and the spatial distribution of the 
optical field is accurately known. Insofar we have conducted experiments using 
both continuous and modulated laser sources. We have observed insofar 
transmission enhancement up to 50 percent in SOI waveguides following pump 
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irradiation. We point out that gain was explicitly observed in these cases when the 
irradiation was displaced from the waveguides by several tenths of microns. Fig. 10 
shows dependence of an infrared transmission response at 1.55um- wavelength on 
spatial position of the focused pump beam respect to waveguide. Here, it possible 
to see, that there is attenuation of the infrared signal, when pump beam direct 
illuminated the waveguide, and about 10% optical amplification was observed 
when focused beam spot was moved from the waveguide place. Fig. 11 shows 
dependence of the signal attenuation and amplification on duration of the pump 
pulse. Here, we obtained similar dependence of the optical amplification as 
function of pulse time in comparison with optical amplification in bulk silicon (see 
Fig. 8). 

It should be note, that we measured optical amplification in Gold doped silicon 
waveguides when pump spot was removed from waveguide position on tens 
microns, as well. It seems therefore that in the case of gold-doped waveguides both 
effects were present, namely direct optical excitation and localized heating. 

B.2.f. Gain measurements at Ohmic contact heating 

Figs. 12A and 12B show experimental setups for the measurement of optical 
amplification in non-homogeneous heated silicon samples by heating of Ohmic 
contacts by electrical current. We used Cr as material for contacts, which was 
sputtered on silicon. Thickness of the Cr-layer was about 300nm. 60W DC 
electrical power supply was connected to the resistor. 
In the experiments we measured a few percent of optical amplification. 

B.2.f Further methods for attaining gain bv inhomog eneous heating. 

One can think about other methods for attaining gain by the mechanism 
described here. Among others: heating by a non-coherent light source like a 
incandescent infrared lamp, halogen lamp, flash lamp or concentrated sunlight, 
heating by radio-frequency source, by an electron beam etc. 
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Gain enhancement schemes 

Several gain enhancement schemes which are applied to other situations 
where optical amplification is observed can be applied here too. Worth mentioning 
is the option of allowing the signal beam to pass more than once through the 
amplifier medium. This can be achieved by the useof external mirrors or 
incorporating reflecting surfaces by coating the semiconductor surfaces with a 
reflecting dielectric or metallic coating. If in such a situation the small-signal gain 
is equal or larger than the total loss, laser action will take place. 
B.3. HYPOTHESIS 

The following discussion of possible physical mechanisms for the operation of the 
present invention are offered merely to facilitate understanding. It should be 
appreciated, however, that the accuracy or otherwise of the proposed mechanisms 
is inconsequential in view of the observed result that the invention is operative to 
produce optical amplification. The following discussion should therefore not be 
construed in any way to limit the scope of the present invention as defined in the 
appended claims. 

As stated in the introduction, at tins point we have no quantitative model to explain 
our findings. We concentrated our efforts in gathering a considerable amount of 
data from diverse situations, all having in common the fact that power was 
delivered into Si slabs or waveguides in a non-uniform way. Following all these 
findings we conjectured an explanation for these results based on the following 
main points: 

a. Local bending of energy bands due to non-homogeneous heating of a 
semiconductor slab. 

b. Transfer of charge carriers between the hot spot and neighboring regions 
creating areas where the carriers' distribution is non-thermal (lower 
temperature), i.e. population inversion is enabled. Several mechanisms 
affecting the transport of carriers are expected in these situations and are 
discussed below. 
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A scheme of the proposed model can be found in figures 13(A) and 13(B). Figure 
13(A) schematically shows energy states deformation in local heated 
semiconductor material. They are shown as discrete states for illustration purposes. 
Distribution of intrinsic and nonequilibrium carrier densities for the case are shown 
in figure 13(B). 

We discuss now in some detail the mechanisms listed. First, the narrowing of band 
gap with temperature is well known [23], and is described properly by the 
following expression: 

*.<r>-*,<D)-f^ (1) 

where Eg(0)=L17eV is the band gap value at 0°K, a= 4.73x10^, and 0=635 [23]. 
Translating it to our situation this means that an energy gap corresponding to 
emission/absorption wavelengths of 1.3-nm and 1.55-um, will correspond to 
heating temperatures of about 800°K and 1100°K respectively. A direct 
measurement of temperature under spot laser irradiation is not simple. We 
attempted although, estimation based on an approximate expression of continuous 
heating a serni-infinite material with a Gaussian laser beam [24]: 

P^dfic (2 ) 
2K 

Where, P opt is the absorbed pump power per unit area, d is Gaussian radius of the 
pumping spot, and K is silicon's thermal conductivity. This estimation took us to 
the expected temperature range. 

Our next consideration is about the nature of the measured light emission. As well 
known, radiative carriers recombination in Si can be realized by two mechanisms, 
namely, recombination via carrier traps within the forbidden gap or mediated by 
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phonon emission or absorption. Regarding the first possibility, we used commercial 
standard samples with a low concentration of impurities. Dislocations and other 
deformations are also known to enhance emission at the wavelength range of 
interest [10]. For example, Sauer et al [10] studied and measured spectral data in 
the mid-infrared l.ljim< X < 1.7pm on samples where dislocations where caused 
systematically by deformations and inclusions. Here, we did not introduce any 
impurities in silicon samples and did not deform intentionally the samples before 
our experiments. We cannot rule out however the possibility that we introduced 
temporary strains in die sample during laser illumination or heating, and that these 
defects had a role in enabling transitions. The second radiative process to be 
considered is band-to-band carrier recombination mediated by absorption or 
emission of phonons. Attainment of gain under these processes was predicted many 
years ago [5]. Absorption and emission of near IR radiation in clean 
homogeneously heated samples have been intensively studied ([19, 23, 25). The 
data reported was satisfactorily explained by phonon mediated process and in all 
cases it was concluded that at higher temperature optical activity was greatly 
enhanced by gap narrowing, free carrier generation and phonon generation. At this 
point we are inclined to attribute the measured gain and luminescence spectra to 
last effect, although we are aware that considerable lattice deformations are present 
during the non-homogeneous heating that would facilitate band-to-band 
recombination. 

The most essential question in the understanding of the gain effects observed is 
about the mechanism responsible for population inversion and gain. On a first 
glance the band bending picture (Fig. 13(A)) due to spot heating resembles the one 
encountered in semiconductor double hetero-structure lasers, where a region of 
material with small energy gap is sandwiched between two regions with higher gap 
values. But contrarily to that case, here most of the free-carriers are generated at the 
central portion of the structure. The dynamics of the free carriers will determine 
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whether or not population inversion conditions would be attained. We can list here 
several processes responsible for the dynamics of carriers. 

1. Diffusion of carriers from the center outbound. The carrier concentration 
in Si is a very pronounced function of temperature. Heating from 600°K to 
1000°K amounts an increase in about 2 orders of magnitude in carrier 
concentration. Thus, temperature gradients are accompanied by large 
concentration gradients, promoting diffusion into the colder regions (Fig. 
13(A), direction 1). This process by itself would generate carrier 
concentrations (both electrons and holes) at the outer regions much larger 
than dictated by Fermi-Dirac statistics in homogeneous heating. 

2. Spatial charge generation. The concentration imbalance created by the 
diffusion process will generate space charge due to differences in electron 
and holes effective masses and lifetimes. The space-charge generates 
electrostatic fields opposing diffusion. 

3. Level bending forces. The bending of energy levels causes potential 
gradients equivalent to static forces that drive the carriers into the bottom of 
the potential wells (Fig. 13(A), direction 2). 

Another way to look at the possible attainment of population-inversion is by 
considering the density of states function in semiconductors. Although this is a fact 
already implicit in the discussion of carrier density, it facilitates the analogy with 
other laser systems. The density of states interacting with a photon of energy Avis a 
strongly rising function of the difference (E G -hv). This is a common feature for all 
semiconductors. In the situation we encounter here this fact has special relevance: 
the central hot spot has both a higher density of levels and a higher degree of level 
occupancy as compared to neighboring regions at the same energy. Thus it may be 
viewed as a population reservoir in close interaction with displaced radiating levels, 
and serve a supply of carriers to the neighboring regions. 
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In conclusion we have presented evidences of the attainment of gain in silicon by 
non-homogeneous heating of the material. Gain was attained both at continuous 
and pulsed energy delivery, in a variety of heating configurations using different 
sources and pumps. We have also proposed a mechanism responsible for the 
attainment of gain observed, based on energy band bending by temperature 
inhomogeneity, and dynamics of charge carriers under this condition. We expect 
that further research presently taking place in our group will consolidate further our 
understanding of these findings and eventually deliver additional lasing schemes. 
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